Introduction
The weight decrease for fuel efficiency as well as the safety is continuing to be major concerns in automobile manufacturing. To meet such requirements, the development of high strength steels with excellent formability has been tried for the application to various automobile parts.
It is well known that transformation induced plasticity (TRIP) steels, found by Zackay et al., 1) exhibit a superior combination of strength and ductility compared to precipitation hardened steels and solution hardened steels. The strain induced transformation of any retained austenite present in TRIP steels to strain induced martensite occurs during deformation, so that a good formability and strength combination can be obtained. 2) Employing the TRIP phenomenon to the production of ultra high strength steel without loss of formability has been an interest of many steel makers. [3] [4] [5] It has been known that C, Mn and Si are the most effective elements for TRIP steels. Such elements contribute to stabilizing the retained austenite due to the inhibition of carbide precipitation during bainite reaction. 6) However, steels with high contents of C and Si could give difficulties in the welding process, so that the effects of C, Mn and Si contents on the mechanical properties of TRIP steels have been discussed in order to reduce the content of such elements without loss of strength and ductility. The effects of microalloying elements like Nb 7, 8) and P 9) have also been investigated. However, it is ambiguous to explicate the roles of them because both the volume change of phases and the solid solution or precipitation hardening effect have to be considered.
The purpose of this paper was to analyse the effect of alloying elements on the volume change of transformed phases and to clarify the relation between the phase transformation and the mechanical properties in the TRIP steels. In this study, the phase changes and their effects on the mechanical properties were investigated for the 800 MPa grade of tensile strength cold rolled TRIP steels containing various contents of the austenite stabilizing element, Mn, the ferrite stabilizing element, Si, and the precipitation forming element, Nb. Table 1 shows the chemical composition of the examined steels. All the steels were vacuum melted and hot rolled to 30 mm in the laboratory. These coupons were reheated at 1 250°C and hot rolled to 3.2 mm. The finishing temperature of hot rolling was 910°C, followed by soaking at 600°C for 1 hr and cooling in the furnace to room temperature in order to simulate the coiling process of hot bands. The hot rolled steels were pickled and cold rolled to a thickness of 1.4 mm, followed by annealing using a contin- Tensile and dilatation tests were conducted in order to study the effects of Mn, Si and Nb on the transformation behavior in the 0.14C-(2.1ϳ2.4)Mn-(0.5ϳ1.0)Si-(0.00ϳ0.02)Nb TRIP steels. All the specimens for dilation tests were annealed under the condition to form the same austenite fraction, followed by cooling to the austempering temperature. The volume fraction of bainite transformed during austempering, DV B , and the martensite start temperature, M s , were measured. DV B was dependent on the austempering temperature and a minimum in DV B was obtained at 450°C for all the examined steels. The M s temperature was linearly decreased as DV B was increased. The decreasing rate of M s to DV B was not dependent on the steel composition, but on the austempering temperature, exhibiting the maximum value when the austempering temperature was 450°C. It was also observed that volume fraction of retained austenite was linearly increased with the decrease of M s for the steels austempered at various conditions. The highest elongation was obtained when the rate of M s to DV B was the maximum. M s was increased when the amount of Mn was increased from 2.1 % to 2.4 %. It was because Mn retarded the ferrite transformation rate, so that the soluble C diffused from the ferrite to the austenite was decreased. The addition of Si decreased M s because it activated the diffusion of C to austenite during the cooling to the austempering temperature. The addition of Nb was observed to give little influence on DV B and the M s .
Experiments
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uous annealing simulator (ULVAC CCT-Y8).
Tensile specimens with a gauge length of 50 mm and a width of 12.5 mm were cut from the cold rolled steel sheets at 0°to the rolling direction. The specimens were heat treated under the conditions of Fig. 1(a) , which shows a similar pattern of heat cycle adapted to the continuous annealing process for manufacturing.
The simplified heat cycle as shown in Fig. 1 (b) was applied for the dilatometric tests to analyse phase transformation. The volume change of phases was measured using the specimens of 10 mmϫ1 mm on the dilatometer (Bähr-Gerätebau GmbH). The austenite volume change as a function of temperature were calculated from the dilatometric curves of temperature-length relations obtained by holding at 720-780°C followed by heating to 1 000°C. The intercritical annealing temperature, TB1 in Fig. 1(b) , for the examined steels were determined under the condition of the austenite volume with 28 %. In order to measure the bainite volume change as a function of austempering time at the range of 400-500°C, the dilatometric curves were obtained by intercritical annealing and austempering, followed by reheating to 1 000°C and cooling to room temperature at a rate of 0.5°C/s. The bainite volume was measured by calculating the ratio of length change during austempering to the length deference of austenite and ferrite, which was measured at the dilatometric curve obtained by cooling from 1 000°C to room temperature at the slow rate. The martensite start temperature, M s , as a function of austempering time at various austempering temperatures were also measured from the dilatometric curves obtained by holding specimens at various austempering temperatures for 0-900 s, followed by cooling to room temperature.
The retained austenite fractions were calculated by Eq. (1) using the data measured by X-ray diffraction analysis with Cu-K a radiation. where I a (200) is the integrated intensity of (200) peak in the ferrite, and I g (200) and I g (220) are the integrated intensities of (200) and (220) peaks in the austenite, respectively, and V c is the percentage of cementite. Figure 2 shows the change of strength and elongation as a function of the intercritical annealing temperature for 0.14C steels containing various contents of Mn, Si and Nb. The alloying elements of Mn and Si existed as solid solution atoms. On the contrary, it was be found through TEM observations that Nb was precipitated as Nb(CN) as shown in Fig. 3 .
Results

Mechanical Properties
The volume fractions of second phases are strongly influenced by the chemical composition as shown in Fig. 4 , which shows the scanning electron microstructures of specimens annealed at 830°C. The mechanical properties are dependent on the morphology and the volume fraction of second phases as well as on solution elements. The volume fraction of bainite was increased when the content of Mn was increased, because the volume of austenite was increased during intercritical annealing with the content of austenite stabilizing element, Mn. The tensile strength in- Table 1 . Chemical composition of examined steels in weight %. crease with raising the Mn content shown in Fig. 2 was attributed to solid solution hardening and the increased bainite. The volume fraction of bainite was increased with decreasing the content of Si, a ferrite stabilizing element. This indicated that the strength was more strongly influenced by the change of the bainite volume fraction than the solid solution hardening effect. Figure 4 shows that the bainite volume was slightly increased by the addition of Nb. The lower elongation of Steel S-Mn than that of the other steels as shown in Fig. 2 can be explained in terms of pearlite observed in Fig. 4 . It is well known that pearlite is detrimental phase to the ductility. 450°C. The retained austenite volume fraction and mechanical properties are known to be strongly influenced by austempering temperature and time. Figure 6 illustrates the changes of the austenite volume fraction in Steel S-Mn as a function of holding time at various intercritical annealing temperatures. The cold rolled steels were composed of pearlite and ferrite before annealing as shown in Fig. 7 . It was observed in Fig. 8 that pearlite was transformed to austenite in less than 10 s when Steel S-Mn was annealed at 740°C. The result was consistent with the previous report 11) that the pearlite was more rapidly transformed to austenite during heating than ferrite.
10)
Phase Volume Fraction and Transformation Temperature
The volume changes of bainite, DV B , for Steel S-Mn are shown in Fig. 9 as a function of austempering time at various austempering temperatures. It was found that the formation of bainite was retarded above the holding time of 300 s. The changes of DV B in the various steels austempered for 300 s as a function of austempering temperature were measured as shown in Fig. 10 . Austempering at 450°C resulted in the lowest bainite volume fraction regardless of steel compositions. The addition of Nb had a slight effect on the bainite formation. DV B was increased when Mn content was increased, which was due to the fact that Mn retarded the transformation during cooling for austempering and, hence, a large amount of austenite was transformed to bainite during austempering.
In order to examine the stability of austenite, the martensite start temperature, M s , was measured as a function of DV B during austempering for 0-900 s at various temperatures as shown in Fig. 11 . This result indicates that M s was linearly decreased with increasing DV B , exhibiting a maxi- mum rate of the M s decrease when the austempering temperature was 450°C. The maximum rate of M s decrease could be explained in terms of the rapid diffusion of soluble C to austenite, resulting in stabilizing the retained austenite. In order to confirm the effect of the austempering condition on retained austenite, the volume fraction of retained austenite as function of DV B was measured as shown in Fig.  12 . The maximum rate of volume fraction of retained austenite was exhibited when the austempering temperature was 450°C. It was why the highest elongation was obtained at the austempering temperature of 450°C in Fig. 5 . In order to examine the effect of the chemical composition on M s , the relation of M s with DV B was analyzed for various steels austempered at 450°C as shown in Fig. 13 . This result indicates that M s of the steels was dependent on the chemical composition and that M s was linearly decreased with an increase of DV B . The addition of Nb had little effect on the variation of M s . The increase of the Si content resulted in a decrease of M s by stabilizing the retained austenite. 12) M s was raised with increasing the Mn content, which was contrasted to the previous report obtained by cooling specimens from the Ar 3 .
13) The increase in M s could be explained by the reduction of volume fraction of ferrite formed during cooling to austempering temperature due to the retardation effect of Mn on the transformation to ferrite. Figure 14 showed the change of M s as a function of austempering time, exhibiting that M s was little changed after 200 s during austempering for Steel S-Mn and S-Si. Retained austenite fraction in the various steels austempered at 450°C for 0-900 s was measured as shown in Fig. 15 , exhibiting the increase of volume fraction of retained austenite when M s was decreased. This result expresses that the retained austenite fraction can be predicted using the M s obtained in the dilatometric curve.
Discussion
Effect of Mn Content on Austenite Stability
In order to analyse the effect of the Mn content on M s , Steels S and S-Mn were annealed to obtain the austenite volume fraction of 28 % and 100 %, respectively, followed by cooling to room temperature at various cooling rates. Figure 16 shows the change of M s as a function of cooling rate for Steels S and S-Mn. M s was slightly lower for the higher Mn Steel S-Mn when the specimens were rapidly cooled after forming austenite by 100 %. However, the reverse trend of M s was confirmed for the specimens cooled after forming austenite by 28 %. This behavior could be explained in terms of the volume fraction change of ferrite generated during cooling to the austempering temperature. When the specimens were cooled at the rate of 100°C/s after forming austenite by 100 %, the ferrite formation was very little as shown in SEM images of Fig. 17(a) . In this case, M s of the lower Mn steel is shown to be higher than that of the higher Mn steel. However, when the austenite volume fraction was 28 %, M s for the lower Mn steel was lower than that of the higher Mn steel because of the higher C content in austenite. A decrease in the cooling rate resulted in an increase in the ferrite formation as shown in Fig.  17(b) . The increase of the ferrite caused the increase of the C content in austenite, resulting in a progressive decrease in M s as the cooling was decreased.
Phase Transformation Behavior at Austempering
Temperature It is well known that the bainite morphology was dependent on the austempering temperature.
10) The difference in the bainite morphology caused the variation of M s and retained austenite fraction at the austempering temperature between 400-500°C as shown in Figs. 11 and 12 . The results of Figs. 5 and 11 indicate that a maximum elongation could be obtained at the austempering temperature when the maximum rate of the M s decrease to the bainite volume fraction was observed.
M s declination was linearly proportional to DV B in Fig.  13 . This result implied that the soluble C diffused to the retained austenite was proportional to the bainite volume fraction generated during austempering. This fact indicated that the retained austenite became more stable as the bainite volume fraction was increased.
Effect of Compositions on Transformation Behav-
ior It was reported 14) that a maximum elongation was obtained by addition of 1.5 % Mn in the 0.2C-1.5Si steels, which can be explained as follows. The retained austenite was stabilized due to the addition of stabilizing element, Mn, within the optimum content at a certain condition. If Mn was added over the optimum content, the retardation of ferrite transformation took place, resulting in the decrease of soluble C and in the destabilization of retained austenite.
It is known that an addition of Si retards precipitation of cementite [14] [15] [16] [17] and decreases the soluble C content in ferrite, 12) resulting in the increase of soluble C content in austenite. As shown in Fig. 13 , the decrease of M s with increasing the Si content indicates that the cementite formation can be effectively prevented due to Si during cooling to the austempering temperature.
The bainite volume fraction and M s were little changed by the addition of Nb as shown in Fig. 10 and Fig. 13 , implying that the Nb precipitates had an insignificant effect on the transformation. 16 . Martensite start temperature, M s , as a function of the cooling rate for the steels heated to form 28 % and 100 % austenite, respectively, followed by cooling at various cooling rates.
(a) (b) Fig. 17 . Scanning electron micrographs of the steels heated to form austenite of (a) 100 % or (b) 28 %, followed by cooling at various cooling rates.
Conclusions
In order to analyse the effect of various alloying elements, Mn, Si and Nb, on the transformation behavior and mechanical properties for 0.14C-(2.1ϳ2.4)Mn-(0.5ϳ 1.0)Si-(0.00ϳ0.02)Nb TRIP steels, tensile and dilatation tests were conducted. The following conclusions were obtained:
(1) The steel austempered at 450°C exhibited the highest balance of TSϫEl because M s was most rapidly decreased with transforming to bainite at 450°C.
(2) Volume fraction of retained austenite was linearly increased with the decrease of M s for the steels austempered at various conditions.
(3) M s was dependent on the chemical composition and was linearly decreased with increasing the bainite volume fraction, whereas the declination rate of M s with the bainite volume fraction was little influenced by the composition.
(4) M s was increased when the amount of Mn was increased from 2.1 % to 2.4 %. This was due to the retardation of the ferrite transformation, resulting in the decreased soluble C content of the partially transformed austenite in the higher Mn steel.
(5) The decrease of M s with increasing the Si content for the specimens just prior to austempering indicated that the formation of cementite was effectively prevented due to Si during cooling to the austempering temperature.
(6) The bainite volume fraction and M s were little influenced by the addition of Nb, implying that Nb precipitates had little effect on the behavior of bainite transformation.
